1. Introduction {#sec1-ijms-20-05354}
===============

The interface of a solid surface and a protein at the nanoscale level are of interests for many applications including material science, biomedical science (e.g., implantation of artificial bones, heart, organs or blood clotting), industry (e.g., the manufacturing of biosensors, bio separation processes, and drug delivery), and research in the development of new materials. The functionalities of peptide coated nanomaterials have remarkably broad applications in areas where nano-size has a very significant effect \[[@B1-ijms-20-05354]\], including nano-light switching devices \[[@B2-ijms-20-05354]\], disease controlling materials combined with DNA \[[@B3-ijms-20-05354]\], DNA sensors \[[@B4-ijms-20-05354]\], control of human cell activity \[[@B5-ijms-20-05354]\], photo dynamic therapy \[[@B6-ijms-20-05354]\], and optical biosensors that quantify heavy metal pollution in water \[[@B7-ijms-20-05354]\]. However, very little is known regarding how the proteins adhere to nanoscale solid surfaces.

Amyloidogenic peptides, such as Aβ~1--40~ or Aβ~1--42~, α-synuclein (α-syn), and β2 microglobulin (β2m) are all regarded as hallmark peptides associated with key onset mechanisms of neurodegenerative diseases, such as Alzheimer's disease or Parkinson's disease. Because of this, the formation process and characterization of amyloid fibrils have been extensively investigated. Fibrils are usually several hundreds of micrometers in size and consist of pre-fibrils, which are built of unit oligomers. Therefore, the formation of unit oligomers from soluble and nontoxic monomers is regarded as a key intermediate process of fibrillogenesis and is considered to be a reversible process. On the other hand, the formation of fibrils or pre-fibrils are considered non-reversible processes. The nuclei-based pre-fibril formation mechanism is considered to be the most reasonable method for interpreting the fibril formation process. A key stage in this fibrillogenesis is the formation of an intermediate oligomer through a reversible process which then leads to one-direction pre-fibril formation. A major conformational change of the monomer to an intermediate oligomer requires significant protein folding, requiring a Gibbs energy of −10 kcal/mol \[[@B8-ijms-20-05354],[@B9-ijms-20-05354],[@B10-ijms-20-05354]\] based on computational calculations. The most important on-set process of any fibrillogenesis is networking between peptides. Considering that fibrils are formed irreversibly, the networking between peptides must be "effective" and occur due to a strong interaction. However, a direct investigation of this networking process is still lacking.

The PI's group has been investigating the reversible self-assembly process (i.e., reversible networking process) on amyloidogenic peptide-coated gold colloidal nanoparticles. The peptides are relatively small, amphiphilic (i.e., consists of both hydrophilic and hydrophobic segments) peptides and the temperature/pH conditions for folded/unfolded conformations are well studied. The great advantage of this system is that a monomer peptide can be prepared on the nano-surface by orientating each peptide so that it may undergo the most effective networking process. Peptides are adsorbed over the nano-surface and are used to make connections between two nano-particle surfaces by making networks between peptides. Because of the networking between peptides, the assembly to the gold colloidal aggregates results in a drastic change in a spectroscopic feature, meaning that the networking process can thus be spectroscopically probed. Therefore, this work is viewed as the best prototype system to learn how nanoscale surface potentials interact with a peptide and if a specific structure can be selectively constructed \[[@B11-ijms-20-05354],[@B12-ijms-20-05354],[@B13-ijms-20-05354]\]. Although these peptides eventually form irreversible insoluble amyloid fibrils, initial stages in fibrillogenesis are still reversible processes. We hypothesize that the peptide-peptide networking must be established by an unfolded conformation of each peptide and this unfolded conformation will be strongly enhanced at the nano-particle surface. As observed in negatively charged micelles and Teflon particles, β-sheet formation of Aβ on hydrophobic graphite surfaces \[[@B14-ijms-20-05354]\] or at air--water interfaces \[[@B15-ijms-20-05354]\] indicate an involvement of interfacial surface potential utilized for the conforming intermediate \[[@B16-ijms-20-05354],[@B17-ijms-20-05354],[@B18-ijms-20-05354],[@B19-ijms-20-05354],[@B20-ijms-20-05354]\].

This study aims to clarify (1) an exact attaching sequence or portion of the peptide and (2) orientation of the peptide over the nano-scale surface, and (3) identify the probable conformation of peptides for successful networking. It is well known that the amyloidogenic peptides (e.g., amyloid beta: Aβ; beta 2 microglobulin: β2m; and alpha-synuclein: α-syn) adsorb onto a gold surface through a sulfur atom of a thiol (--SH) group. These amyloidogenic peptides undergo drastic structural changes (protein folding) to form many units of toxic polymers that eventually combine to create a few micron-sized fibers (i.e., amyloid fibrils), which are known to cause neurodegenerative diseases \[[@B21-ijms-20-05354],[@B22-ijms-20-05354],[@B23-ijms-20-05354],[@B24-ijms-20-05354],[@B25-ijms-20-05354],[@B26-ijms-20-05354],[@B27-ijms-20-05354],[@B28-ijms-20-05354],[@B29-ijms-20-05354],[@B30-ijms-20-05354],[@B31-ijms-20-05354],[@B32-ijms-20-05354],[@B33-ijms-20-05354],[@B34-ijms-20-05354],[@B35-ijms-20-05354]\]. However, Aβ and α-syn do not possess any sequences which contain a thiol group (i.e., Cysteine (Cys, C)). Contradicting the lack of a Cys sequence, the existence of gold nano-colloids were reported to enhance peptide-peptide networking using Aβ adsorbed on a nano-gold colloid as a "core" of a fiber \[[@B36-ijms-20-05354]\].

There is no clear explanation of why amyloidogenic peptides adsorb onto gold so effectively. Since the detailed structural information of adsorbed peptides at the "core" is not known, contributing factors to the peptide-peptide networking needs to be fully investigated. This study describes a systematic method used to extract both a plausible peptide orientation and which segments interact with the colloidal surface. Based on these data, in [Section 4.3.3](#sec4dot3dot3-ijms-20-05354){ref-type="sec"} we describe a novel systematic procedure to extract the coverage ratio of peptide (Θ) onto the nano-gold colloids. Quite unexpectedly, the surface coverage conditions appeared to depend somewhat on the nano-particle size. While simulation does not explain the nano-size dependence on surface coverage, the observed trend suggests a plausible "packing" formation of the peptide due to a physical surface area condition.

2. Results {#sec2-ijms-20-05354}
==========

2.1. Extraction of Θ {#sec2dot1-ijms-20-05354}
--------------------

This hypothesis stating a linear relationship between dpH and ΔpH~o~ was clearly proved to be true when *d*pH was plotted as a function of ΔpH~o~ for each tested gold colloidal size and in all three amyloidogenic peptides (Aβ~1--40~, α-syn, and β2m) as shown in [Figure 1](#ijms-20-05354-f001){ref-type="fig"}, while ovalbumin-coated gold colloid did not show any sign of linear relationship \[[@B36-ijms-20-05354]\]. Each data point shown in [Figure 1](#ijms-20-05354-f001){ref-type="fig"} corresponds to different gold colloidal sizes for a given peptide. It shows that the coverage area is determined by the size of the nano-particle and there must be an equilibrium electrostatic shielding value for a given nano-gold metal surface. The average coverage ratio, Θ~avg.~, for each amyloidogenic peptide was extracted as: Θ~avg~ (Aβ~1--40~) = 0.6 ± 0.2, Θ~avg~ (α-syn) = 0.6 ± 0.2, and Θ~avg~ (β2m) = 0.7 ± 0.2. By using the reported structural data most suited to the conditions of our work, the axial length *a* and *b* (*a* \< *b*) of an approximated prolate for Aβ~1--40~ \[[@B17-ijms-20-05354]\] α-syn \[[@B37-ijms-20-05354]\], and β2m \[[@B38-ijms-20-05354]\] were initially estimated to be: Aβ~1--40~ (*a*, *b*) = (2.1 nm, 4.1 nm), α-syn (*a*, *b*) = (3.1 nm, 8.5 nm), and β2m (*a*, *b*) = (2.5 nm, 4.6 nm).

2.2. Distance between Colloidal Particles {#sec2dot2-ijms-20-05354}
-----------------------------------------

A representative TEM image of β2m-coated 30 nm gold colloids is shown in [Figure 2](#ijms-20-05354-f002){ref-type="fig"}a. As the magnified image clearly shows, distinct spacing noted as "Δ" between gold colloids were observed. ([Figure 2](#ijms-20-05354-f002){ref-type="fig"}b) The spaces between the gold particles was measured over multiple measurements per image for each size of gold particle and β2m. The morphology of the gold colloidal aggregates coated with Aβ~1--40~, α-syn, as well as albumin were also studied, and the aggregates formed were more extensive in size and number (size exceeded up to a few microns and the number of gold colloids far exceeded 500 or 1000) than those formed by β2m-coated gold colloid. Therefore, the density of the aggregates by Aβ~1--40,~ as well as albumin coated gold colloid aggregates, extended in the longitudinal direction resulting in preventing the view the section of planar topology. In contrast, β2m formed relatively smaller aggregates, ranging within 500 nm with less than 100 colloids. This allowed us to visualize a two-dimensional view of the aggregate and made it possible to disclose the spacing between two adjacent gold colloids. While the peptide character of the studied peptides is not equivalent, we assume the networking character can be similar. Also, the physical dimension of the networking section compared to the diameter of each colloid can be approximated to be the same. Therefore, the information obtained for β2m will be shown as illustrative for the other two peptide coated gold colloids.

The average distances of adjacent nano-gold colloids and the average number of gold nano-particles to form one aggregate for *d* = 10, 30, 60, and 80 nm particles are summarized in [Table 1](#ijms-20-05354-t001){ref-type="table"}. We can conclude that the average distance of the adjacent nano-gold colloids was extracted to be 2.0 ± 0.8 nm, indicating insignificant size dependence of the gold colloid and the number of nano-gold colloids forming a cluster.

2.3. Simulation of Θ and Orientation {#sec2dot3-ijms-20-05354}
------------------------------------

The procedures explained in [Section 4.3.3](#sec4dot3dot3-ijms-20-05354){ref-type="sec"} was applied to analyze the data points shown in [Figure 3](#ijms-20-05354-f003){ref-type="fig"}. The optimized axial lengths of prolate for three amyloidogenic peptides as a function of colloidal size are listed in [Table 2](#ijms-20-05354-t002){ref-type="table"}. In order to reproduce extracted Θ, the spiking-out orientation need to be utilized for all cases except for *d* = 100 nm gold coated with Aβ~1--40~ and α-syn as well as *d* = 10, 20, 60 nm gold coated with β2m, which exhibited a lie-down orientation. For example, Aβ~1--40~ coated gold 20 nm diameter showed Θ~obs~ = 0.74 for *a* = 1.4 nm and *b* = 2.2 nm in order to reach maximum coverage ratio 0.37 under the first layer, Θ*~f~*~,cal~, with total number of attached peptides to be *n*~total~ = 111. After the second layer was added, it is calculated to have a maximum of Θ*~s~*~,cal~ = 0.72. In order to be consistent with the observed Θ~obs~ = 0.74, a contribution of the second layer, γ (Θ*~s~*~,cal~) should be 0.51, so that Θ~obs~ = 0.74 = Θ*~f~*~,cal~ + γ (Θ*~s~*~,cal~) × Θ*~s~*~,cal~ =0.37 + 0.51 × 0.72=0.37 + 0.37. There was almost no contribution of the second layer when Θ~obs~ \< 0.5 for *d* = 100 nm of both Aβ~1--40~ and α-syn as well as *d* = 10, 20, and 60 nm for β2m.

In summary, as shown in [Figure 4](#ijms-20-05354-f004){ref-type="fig"}, all studied amyloidogenic peptides interacted with nano-gold surface at the original pH where a sample was prepared (\~pH 7) with unfolded condition with spiking out condition.

3. Discussions {#sec3-ijms-20-05354}
==============

3.1. Elucidation of Θ and Spectroscopic Measurement {#sec3dot1-ijms-20-05354}
---------------------------------------------------

The spectroscopic measurement used in this study exhibits the transition of dispersed peptide-coated gold colloid to aggregated gold colloid through a networking of peptides on the colloidal surface. The surface charge or surface charge potential of each colloid should ideally be neutral, in order to avoid mutual repulsions which would impede aggregation. It is speculated that an aggregation of Aβ~1--40~ coated gold colloid takes place at an isoelectric point, pI, of Aβ~1--40~ (pI = 5.2) \[[@B39-ijms-20-05354]\]. If so, a constant pH~o~ (\~pI) is expected to be observed regardless of the sizes of gold colloid. However the observed pH~o~ for Aβ~1--40~ coated gold colloid ranging from *d* = 10 nm to *d* = 100 nm scanned between pH~o~ = 4.38 ± 0.06 for *d* = 100 nm and pH~o~ = 6.20 ± 0.01 for *d* = 40 nm \[[@B40-ijms-20-05354]\]. The extracted pH~o~ implies the amount of positive charge, i.e., \[H~3~O^+^\], required to neutralize the colloidal surface. This work demonstrated the correlation between ΔpH~o~ and *d*pH as a key concept in extracting the change of surface charge potential of the gold colloidal particle. Due to the fact that the bare gold colloid possesses surface plasmon (electrons) over its surface, the excess amount of \[H~3~O^+^\] needs to be supplied in order to neutralize the surface. Thus, the ΔpH~o~ shows the difference of the amount of \[H~3~O^+^\] required between bare gold colloid and the peptide-coated gold colloid. Essentially, this means that the ΔpH~o~ indirectly shows the amount of the negative charges quenched due to the attachment of the peptides over the surface and the changing surface charge potential of the colloidal surface.

The measured quantity *d*pH is defined in a method described in [Section 4.3.1](#sec4dot3dot1-ijms-20-05354){ref-type="sec"}. Since λ~peak~^(1)^ is the first derivative of λ~peak~(pH), it has the dimension of Δλ/ΔpH (Δλ indicates the wavelength change associated to the transition from a dispersed stage to an aggregated stage, and ΔpH indicates the amount of H~3~O^+^ ion needed for that transition). The marking wavelengths λ~max~ and λ~min~ indicate that the colloid is at the aggregated stage (λ~max~) or at the dispersed stage (λ~min~). In practice, the marking wavelengths can be treated as dimensionless numbers or as an index (or with arbitrary units), with the replacement of λ~peak~^(1)^ by ΔΛ/ΔpH, where ΔΛ implies the difference of an index Λ. Overall, *d*pH indicates an inverse of λ~peak~^(1)^ and it is proportional to ΔpH, if ΔΛ is treated as a constant. Therefore, because ΔpH ∝ --log Ω and *d*pH ∝ log Ω, where Ω is a constant associated with charge. Thus, in principle, there should be a linear correlation between *d*pH and ΔpH.

A. Wang et. al. reported a pH dependence in protein coverage \[[@B41-ijms-20-05354]\], and it is presumable that the surface charge condition is fully influenced by the residual pH condition. This suggests that the peptides start occupying and aggregating at the gold surface as the pH point gets closer to pH~o~. If this is the case, peptides may not adsorb on the gold surface with our reported Θ values at pH \> pH~o~. However, our work is designed to determine pH~o~, where the coverage of amyloidogenic peptide was already completed, our approach allows us to extract Θ only at pH~o~, and it limits a quantitative conclusion regarding the pH dependence of Θ.

3.2. Orientation of the Peptide over the Surface of Gold Colloidal Surface {#sec3dot2-ijms-20-05354}
--------------------------------------------------------------------------

Relatively high Θ (i.e., Θ \>0.5) can be accommodated by filling the surface area with a greater number of smaller unit surface area. Thus, the most supported orientation of the prolates is a spiking-out orientation, as sketched in [Figure 5](#ijms-20-05354-f005){ref-type="fig"}. While a "lie-down" orientation was highly expected to establish more interaction between peptide and the gold surface, the higher coverage was only established by creating a larger amount of smaller contacting areas. As supporting evidence, a very similar orientation was reported by Stellaci's group for bipolar polymer spiking out of gold nanoparticle sphere \[[@B42-ijms-20-05354],[@B43-ijms-20-05354],[@B44-ijms-20-05354],[@B45-ijms-20-05354],[@B46-ijms-20-05354],[@B47-ijms-20-05354],[@B48-ijms-20-05354]\]. Considering that the gold colloid has a partially negative surface charge, any positively charged sequence can interact with it electrostatically. Since Aβ~1--40~ coated gold colloid is dissolved in an aqueous solution, hydrophobic segments of Aβ~1--40~ (sequences 23--40, C-terminal side) must be used for contacting the gold colloidal surface, causing hydrophilic segments of Aβ~1--40~ (sequences 1--22, N-terminal side) to face outside, making it soluble in water. Among the hydrophobic sequences (23--40), only ^28^Lysine (^28^Lys, ^28^K) can be positively charged at neutral conditions. Therefore, it is hypothesized that --N^+^-- part of the ^28^Lysine is responsible for contacting on the gold colloidal surface as shown [Figure 5](#ijms-20-05354-f005){ref-type="fig"}.

Due to more complexities in structure, identification of binding sites for α-syn and β2m were less clear. Even so, a similar approach and rough estimation of the site is possible. For α-syn, residues 61--95, or the so-called NAC (Non-Aβ Component) region \[[@B49-ijms-20-05354],[@B50-ijms-20-05354]\], is highly likely to be the region where the peptide is bound to the nano-gold surface. More specifically, ^80^K, ^96^K, and/or ^97^K are candidate residues that could be responsible for the colloidal attachment.

In a similar way, however, with a more complex situation, β2m is considered to possess hydrophobic (and aromatic-rich) region in residues 62--70 implying ^63^R (^63^Arginine), ^66^K, or ^69^H to be a plausible binding sites to the nano-surface \[[@B51-ijms-20-05354]\]. If we assume multiple concurrent contacting spots are available, the mobility of β2m must be reduced and this can separate the binding property of β2m different from the other two peptides. In order to explain a negative correlation observed in Θ vs. S~d~ plot ([Section 3.4](#sec3dot4-ijms-20-05354){ref-type="sec"}), β2m was speculated to be a prolate with negative side facing outward. It is quite likely that the sequence from 50 to 58 are the section responsible for the above-mentioned section since the negatively charged section of ^52^D (^52^Aspartic Acid), ^54^E (^54^Glutamic Acid), and ^56^D are located therein.

The current model used for extracting Θ was tested for chicken ovalbumin as an example of a globular protein. There was no correlation found between *d*pH and ΔpH, and we assume that the model can be applied only for amyloidogenic peptides that clearly exhibits folded and unfolded conformations which are drastically different. Also the section of adsorption site has to be clearly determined no matter which size of the gold colloid was applied, otherwise clear mapping of charge distribution due to peptide (as explained in [Section 3.4](#sec3dot4-ijms-20-05354){ref-type="sec"}) cannot be obtained. The prolate shape localizes a partial charge in a relatively smaller region, which can become an adsorption point. In contrast, a globular protein takes a spherical shape creating a broader and more homogeneous partial charge distribution. This results in a less sensitive response in aggregation as a function of pH change, which results in a poorly defined *d*pH value in Equation (1), and reducing a correlation between ΔpH~o~ and *d*pH.

3.3. Networking of the Peptide at an Interfacial Area {#sec3dot3-ijms-20-05354}
-----------------------------------------------------

While the aggregation of Aβ~1--40~ coated gold colloid develops highly condensed networking which results in the mutual overlapping of gold colloids in both horizontal and latitudinal directions, the aggregation of β2m-coated gold colloid was less condensed, and TEM images enabled us to observe the spacing between adjacent gold colloids (Δ = 1.9 ± 0.7 nm), particularly around the edge area of the aggregates. Since Aβ~1--40~ and β2m both approximate as prolate tops with similar dimensions, the information on this spacing between adjacent gold colloid can be extrapolated to these two peptide systems. This result implies that the peptide layer covered the gold colloidal surface at a thickness of 0.95 nm \[[@B52-ijms-20-05354]\]. If we consider a monolayer of peptide with spiking-out orientation, the adjacent distance between two gold colloid should correspond to 2*b*. This assumption strongly contradicts the extracted Δ (\~2 nm) since calculated 2*b* value are 4.4 nm for Aβ~1--40~, 14.8 nm for α-syn, and 9.2 nm for β2m based on the values shown in [Table 2](#ijms-20-05354-t002){ref-type="table"}. In order to allow peptides to be constrained within 2 nm spacing, the most probable conformation allows the peptides to be bent or spiraled around each other at the interface. Since amyloidogenic peptides studied in this work are all regarded as disordered proteins, it is reasonable to assume that disordered regions are flexible enough to take best suited configuration including a bent form in order to fit in 2 nm inter-colloidal surfaces. The process of gold colloidal aggregation is summarized as the process of a mixture (interaction) between monomer and gold colloidal surface, followed by the adsorption of each monomer over the nano-colloidal surface, and under acidic pH, the networking of peptides forming the gold colloid aggregation ([Figure 6](#ijms-20-05354-f006){ref-type="fig"}).

Based on the fact that all experimental observation needs to involve a second layer, we deduce that the first layer is responsible for the coverage of nano-gold surface and the second layer is the result of networking to the first layer of each peptide coated gold colloid. Due to the spiking-out orientation of the first layer, this would leave accessible another site for further networking as the peptide conformation becomes unfolded. The networking between dual peptides at an interface matches with a speculation of a dimer formation concluded in our previous work \[[@B53-ijms-20-05354]\].

3.4. Verification of the Relationship between Physical Displacement and Coverage Ratio {#sec3dot4-ijms-20-05354}
--------------------------------------------------------------------------------------

Our first instinct was that Θ was dominated by the molecular interaction between gold surface and peptide's terminus responsible for an electrostatic interaction. Therefore, the surface field reflecting from the surface curvature would be proportional to molecular interaction and may influence the surface interaction and coverage. However, by assuming that simple term of curvature is proportional to an inverse of radius, we did not see any correlation between a curvature and Θ, as also implied by the complex relationship between Θ and d shown in [Figure 4](#ijms-20-05354-f004){ref-type="fig"}. This implies that at least obvious chemical interaction does not explain the intrinsic reasoning of Θ and its nano-size dependence. While no correlation between the gold colloidal size and its coverage ratio of peptide (Θ) was found in our study, we attempted to find justification of Θ for a given nano-size of gold colloid by using a mathematical approach without involving intermolecular forces. The most simplified explanation of higher or lower coverage is gained from calculating how much space is wasted by a given unit adsorbent. However, the coverage ratio cannot be simply predicted as a function of surface area. For example, if the area to be covered increases, the unit area of an adsorbent may not utilize given space without leaving an unoccupied area, and so the coverage ratio may not increase. The equatorial belt area was used as an index of the effectiveness of space usage, and the spacing between each prolate (S*~d~*) should be correlated with the coverage ratio (Θ). For example, a prolate of Aβ~1--40~ (*a* = 1.4 nm and *b* = 2.2 nm) covering a 40 nm (*d* = 40.6 nm) has Θ = 0.86), and 100 nm (*d* = 99.5 nm)has Θ of 0.20. When maximum prolate with dimension of (*a* = 1.4 nm and *b* = 2.2 nm) was distributed equatorial belt of each gold colloid, S*~d~* = 0.051 nm for 40 nm with n*~eq~* = 50 and S*~d~* = 0.012 nm for 100 nm with n*~eq~* = 175 demonstrating that the larger the S*~d~*, the higher the Θ. A clear correlation between Θ and S*~d~* was confirmed for Aβ~1--40~ and α-syn as shown in [Figure 7](#ijms-20-05354-f007){ref-type="fig"}a,b as a positive slope for β2m as shown in [Figure 7](#ijms-20-05354-f007){ref-type="fig"}c as a negative slope. The finalized fitting parameters and fitting procedures will be further detailed in a report by Yokoyama and Ichiki \[[@B54-ijms-20-05354]\].

A positive linear relationship between Θ and S*~d~* is explained by considering that both Aβ~1--40~ ([Figure 8](#ijms-20-05354-f008){ref-type="fig"}(a-1)) and α-syn ([Figure 8](#ijms-20-05354-f008){ref-type="fig"}(a-2)) are simplified as a prolate with δ+ region at the adsorption side and opposite side (i.e., exposing side to the outward) as sketched in [Figure 8](#ijms-20-05354-f008){ref-type="fig"}(b-1), respectively. As the prolate attaches onto the gold surface through the δ+ region of a prolate, it also creates the δ+ region on the gold surface as indicated in [Figure 8](#ijms-20-05354-f008){ref-type="fig"}(b-1,b-2). So that an extra peptides are more invited for adsorption as the gold surface possesses more δ-- region when S*~d~* is longer. On the other hand, if S*~d~* is relatively small, not enough δ-- region is available for further adsorption of peptides causing the Θ decreased resulting in the positive linear relationship between Θ and S*~d~* ([Figure 8](#ijms-20-05354-f008){ref-type="fig"}c). As it was speculated before, Aβ~1--40~ may be adsorbing on to the surface through ^28^K and α-syn adsorbs on to the surface through ^80^K or ^96^K^97^K. Since those sites are located at relatively close to the N-terminal, it is speculated that δ+ portion of C-terminal side must be exposing outward and away from the colloid surface. As for Aβ~1--40~, we speculate that ^5^R^6^H, ^13^H^14^H, or ^16^K are responsible for distributing δ+ region. The speculated region with δ+ and δ-- are indicated by color coded areas in a prolate and bars in sequences as δ+ in blue and δ-- in red, respectively ([Figure 8](#ijms-20-05354-f008){ref-type="fig"}(a-1)) As for α-syn, all lysines in the C-terminal region (i.e., ^6^K, ^10^K, ^12^K, ^21^K, ^23^K, ^32^K and ^34^K) are speculated to be exposing toward the outside and away from the colloidal surface side. While much more information is needed, crude estimation of charge distribution was shown in [Figure 8](#ijms-20-05354-f008){ref-type="fig"}(a-2). In a similar manner as shown in [Figure 8](#ijms-20-05354-f008){ref-type="fig"}(a-1), region with δ+ and δ-- are indicated by color coded areas in a prolate and bars in sequences as δ+ in blue and δ-- in red, respectively.

Opposed to what we observed in Aβ~1--40~ and α-syn, β2m exhibited a negative linear slope for Θ vs. S~d~ plot. ([Figure 7](#ijms-20-05354-f007){ref-type="fig"}c). This is interpreted that as each β2m (sketched in [Figure 9](#ijms-20-05354-f009){ref-type="fig"}(b-1)) adsorbs onto the gold surface with δ+ segment as exposing more δ-- area to the other side of gold surface as sketched in [Figure 9](#ijms-20-05354-f009){ref-type="fig"}(b-1,b-2). Thus, as S~d~ decreases, it creates a greater effective attraction to the extra β2m resulting in more coverage (i.e., a negative slope for Θ vs. S~d~ plot) as shown in [Figure 9](#ijms-20-05354-f009){ref-type="fig"}c. Since the adsorption site of β2m can be speculated to be at relatively toward the C-terminal side (i.e., ^63^R, ^66^K, or ^69^H), the exposing side away from the gold surface is speculated to be N-terminal side. Thus, it is estimated that^18^E is responsible for providing δ-- region. In [Figure 9](#ijms-20-05354-f009){ref-type="fig"}a, region of δ+ and δ-- are indicated by color coded areas in a prolate and bars in sequences as δ+ in blue and δ-- in red, respectively.

In all three cases explained above, we claim that the spiking-out orientation of the first layer established a corresponding charge distribution seen in each peptide coated gold colloid. If the orientation was lie-down orientation, enhancement of self-adsorption would not take place. For example, a lie-down orientation of prolate dipole in the case of Aβ~1--40~ and α-syn would exhibit a significant amount of δ+ region and not effectively squeeze the prolate dipole with the same orientation. As for the case of β2m, the lie-down orientation exposes a greater amount of δ-- region, resulting in a significant repulsion for the peptide attempts to adsorb with the same lie-down orientation.

3.5. Justification of Lower Coverage Ratio and Associated Prolate Shape {#sec3dot5-ijms-20-05354}
-----------------------------------------------------------------------

While the overall characteristic of the coverage of amyloidogenic peptides was relatively higher value (i.e., Θ ≥ 0.6), there were only five cases when Θ was \< 0.5; Aβ~1--40~ coated *d* = 100 nm gold, α-syn coated *d* = 100 nm gold, β2m-coated *d* = 10, 20, and 60 nm gold. For all cases, the fit was not optimized with a prolate with spiking-out orientation but with lie-down orientation. Under the estimation that the spiking-out orientation is the best orientation to satisfy coverage stability (i.e., effective packing of the surface) and consistent with most of the coverage orientations observed in this experiment. Thus, it is hypothesized that each prolate takes a spiking-out orientation but tilts over the nano-gold surface as shown in [Figure 10](#ijms-20-05354-f010){ref-type="fig"}a and can rotate around the contact point on the nano-gold surface ([Figure 10](#ijms-20-05354-f010){ref-type="fig"}b) resulting in an occupied area with oblate shape as if it takes a lie-down orientation. In order to explain an oval shape occupying over the surface, a gyration type of motion is considered. So that the contact point of the prolate changes due to a change of tilting angle as it rotates over the surface, is plausible ([Figure 10](#ijms-20-05354-f010){ref-type="fig"}c).

From the geometry shown in [Figure 10](#ijms-20-05354-f010){ref-type="fig"}a, $\overline{AC} = 2bcos\theta_{\alpha}\theta_{\beta}$, where θ~α~ and θ~β~ are the inner angles as shown in [Figure 10](#ijms-20-05354-f010){ref-type="fig"}a and the length $\overline{AC}$ was approximated as $\overline{AB} \approx 2bcos\theta_{\beta}$ because θ~β~ \<\< 1. A tilting angle of a prolate, θ~τ~ = 90° -- θ~α~. The extracted θ~α~ and θ~β~ are listed in [Table 3](#ijms-20-05354-t003){ref-type="table"}.

An example of extracted gyration motion was demonstrated and sketched in [Figure 11](#ijms-20-05354-f011){ref-type="fig"} for the case of β2m adsorbed over *d* = 10 nm gold colloid (*d* = 9.80 nm). Focusing on one unit of prolate as shown in [Figure 11](#ijms-20-05354-f011){ref-type="fig"}a, the tilting angle, θ~τ~, changes between 26° and 17° as it rotates, which modulates the surface area. The gyration of the prolate should be taking place simultaneously with the other prolates on the same surface as shown in [Figure 11](#ijms-20-05354-f011){ref-type="fig"}b. We cannot, however, deny that a stationary peptide in an unfolded conformation could occupy the space of the same size calculated by gyration motion. There is a possibility of that the adsorption is more randomized and is an ensemble of multiple orientations. For example, J. A. Yang and et. al., reported that α-syn adsorbs on the poly (allylamide hydrochloride) coated gold nanoparticles with random orientation with an increase in β-sheet and decrease in α-helix structure \[[@B55-ijms-20-05354]\].

4. Materials and Methods {#sec4-ijms-20-05354}
========================

4.1. Materials {#sec4dot1-ijms-20-05354}
--------------

Lyophilized powder of Aβ~1--40~ peptide (MW; 4.2 kDa, 98% HPLC purity) and α-syn (MW: 14.4 kDa, purity \>95% by SDS-PAGE) were purchased from r-Peptide (Bogart, GA, USA). Aqueous 220 μM stock solution of Aβ~1--40~ and 64.2 μM stock solution of α-syn were stored at --80 °C. The β2m (MW: 12 kDa/mol, purity \>40% by SDS-PAGE) was purchased from AbD Serotec (Raleigh, NC, USA), and aqueous 77.0 μM stock solution was stored at --20 °C. Gold nanoparticles were purchased from Ted Pella, Inc. (Redding, CA, USA) and have the following estimated diameters (d), reported diameter (*d*), and particles per mL in O.D. (Optical Density, ϑ) where ϑ = 0.2 at 528 nm: d = 10 nm (*d* = 9.8 ± 1.0 nm, ϑ = 1.4 × 10^12^ particles mL^−1^), d = 15 nm (*d* = 15.2 ± 1.5 nm, ϑ = 2.8 × 10^11^ particles mL^−1^), d = 20 nm (*d* = 19.7 ± 1.1 nm, ϑ = 1.4 × 10^11^ particles mL^−1^), d = 30 nm (*d* = 30.7 ± 1.3 nm, ϑ = 4.0 × 10^10^ particles mL^−1^), d = 40 nm (*d* = 40.6 ± 1.1 nm, ϑ = 1.8 × 10^10^ particles mL^−1^), d = 50 nm (*d* = 51.5 ± 4 nm, ϑ = 8.2 × 10^9^ particles mL^−1^), d = 60 nm (*d* = 60 ± 1.0 nm, ϑ = 4.3 × 10^9^ particles mL^−1^), d = 80 nm (*d* = 80 ± 1.0 nm, ϑ = 2.2 × 10^9^ particles mL^−1^), and d = 100 nm (*d* = 99.5 ± 1.3 nm, ϑ = 1.6 × 10^9^ particles mL^−1^). The residual components in each colloidal particle can be regarded as identical. In order to maintain stability of the nano-gold colloids against salts, deionized and distilled water were used to prepare all aqueous solutions. All sizes of gold colloids were formed by Frens derived citrate reduction method possessing traces of citrate *\<*10^−5^%, tannic acid *\<*10^−7^% and potassium carbonate *\<*10^−8^%. Thus, the observed size dependence in this study was not determined by the stabilizer of the gold colloids.^12^ The optimized ratio between all peptides and gold nanoparticles was set as 1000:1 so that the concentration of gold nanoparticles was roughly 300 pM \[[@B39-ijms-20-05354]\]. Attachment of peptides to the gold colloidal surface was known to be achieved almost instantaneously and considered to reach equilibrium within a minute. The pH range of the solutions (between pH 2 and pH 12) was achieved by adding either HCl or NaOH to the solution. The UV--Vis absorption spectra were monitored between 200 and 800 nm as the pH value varied by an increment of 0.05 pH to acidic conditions.

4.2. TEM Imaging {#sec4dot2-ijms-20-05354}
----------------

The TEM (Transmission Electron Microscopy) experiment was conducted for β2m as well as for ovalbumin, Aβ~1--40~, and α-syn. The β2m samples were prepared with 2.8 μL of β2m stock aqueous solution mixed with 280 μL of gold colloids ranging between 10 nm, 30 nm, 60 nm, and 80 nm in diameter, with pH ranging from 6.5 to 7.5. Before plating on the grid, the sample pH was adjusted to either pH 10 or pH 4 under room temperature. 1 μL of the mixture was then plated onto Formvar Copper Film 400 Grids Mesh. The samples were incubated on the grid for two minutes, after which excess solution was removed from the grid with filter paper. All TEM images were collected on a Morgagni model 268 TEM (FEI Co., Hillsboro, OR, USA) operated at 80 kV and were taken under both 28,000× and 71,000× magnification using a model XR-40 four-megapixel CCD Digital camera. TEM image analysis was performed by converting the image to data consisting of pixel coordinates and corresponding color index using Image J. The threshold in color index was set to recognize the group of pixels corresponding to the gold particles and the average size of the gold particles, the distance between adjacent gold particles, ratio of the area occupied by the gold particles (occupancy, %), and the total numbers of gold particles were calculated. The β2m-coated gold colloid formed relatively small aggregates as opposed to ovalbumin or Aβ~1--40~. The number of gold colloidal particles was extracted by individually counting each particle rather than using the "occupancy" method. Because each gold colloid was easily identified for the β2m-coated gold colloid, in many cases, the space between each gold colloids in each aggregate were observed. In this study, the space between gold particles was focused and its distance was extensively analyzed whenever space between colloids was identified. Using the length of a pixel for calibration, the number of pixels between the colloids was transformed into nanometers. The distribution of the observed length in nm was fit with a Gaussian profile and the average distance was extracted.

4.3. Methods {#sec4dot3-ijms-20-05354}
------------

### 4.3.1. pH-Dependent UV--Vis Absorption Band {#sec4dot3dot1-ijms-20-05354}

Our group has been investigating the reversible self-assembly process of amyloidogenic peptide-coated colloidal gold nanoparticles extensively. These peptides are relatively small, amphiphilic peptides whose temperature/pH conditions for folded/unfolded conformations are well studied. Therefore, it has been viewed as a useful prototype system to learn how nanoscale surface potentials interact with a peptide, and if a specific oligomeric structure can be selectively constructed \[[@B11-ijms-20-05354],[@B12-ijms-20-05354],[@B13-ijms-20-05354]\]. Although these peptides eventually form irreversible insoluble amyloids, the initial stage is still a reversible process. In temperature-dependent reversible processes \[[@B53-ijms-20-05354]\], we found that a reversible process between folded and unfolded conformation took place under Aβ~1--40~ coated 20 nm gold colloid as pH externally changed well above or well below a critical pH point (pH~o~). The value of pH~o~ for Aβ~1--40~ coated 20 nm gold was found to be pH~o~ = 5.45 ± 0.05 at 20 °C, and a reversible process was observed between pH = 4 and pH 10. at 18 ± 0. 2 °C and above. Between 18 ± 0.2 °C and 6 ± 0.2 °C, only Aβ~1--40~ coated 30 nm gold colloid exhibited a reversible process. Under 6 ± 0.2 °C, only Aβ~1--40~ coated 40 nm gold colloid supported a reversible process between folded and unfolded conformations. The results from molecular dynamics (MD) calculations on Aβ~10--35~ suggested the temperature ranges are stable for dimer or trimer formation \[[@B56-ijms-20-05354]\]. For example, the stable dimer formation temperature range matched with the temperature range of reversible process observed for Aβ~1--40~ coated 20 nm gold colloid (≥\~18 °C). The trimers were predicted to be stable at the relatively lower temperature range, which reasonably matches temperature ranges for the reversible process over 30 or 40 nm gold colloid's surface (i.e., \<18 °C). Also, the stable temperature for trimer formation was in good agreement with the temperature range of the reversible process observed for Aβ~1--40~ coated 30 nm or 40 nm gold colloids. Since unfolded conformation leading to oligomerization is formed at only lower pH value than pH~o~, we concluded that this is evidence that oligomeric dimer units over 20 nm gold colloid particles or trimer units over 30 or 40 nm gold colloid particles were produced over a nano-gold colloidal surface at pH 4 \[[@B53-ijms-20-05354]\]. The key intermediate oligomeric form in the reversible process has not been well studied due to its instability. We hypothesize that the activation energy required to form an intermediate oligomer can be gained from the nano-metal surface potential. While metastable folding intermediates (i.e., the oligomer form) for a folding pathway has been suggested and detected in solution \[[@B57-ijms-20-05354],[@B58-ijms-20-05354],[@B59-ijms-20-05354],[@B60-ijms-20-05354],[@B61-ijms-20-05354],[@B62-ijms-20-05354],[@B63-ijms-20-05354],[@B64-ijms-20-05354],[@B65-ijms-20-05354],[@B66-ijms-20-05354],[@B67-ijms-20-05354],[@B68-ijms-20-05354],[@B69-ijms-20-05354],[@B70-ijms-20-05354],[@B71-ijms-20-05354]\], a direct identification of an exact oligomer has not been shown. Oligomer observed in negatively charged micelles and Teflon particles, β-sheet formation of Aβ on hydrophobic graphite surfaces \[[@B14-ijms-20-05354]\], or at air--water interfaces \[[@B15-ijms-20-05354]\] indicate an involvement of interfacial surface potential utilized for the conforming intermediate \[[@B16-ijms-20-05354],[@B17-ijms-20-05354],[@B18-ijms-20-05354],[@B19-ijms-20-05354],[@B20-ijms-20-05354]\]. Our group has established a way to reproduce and control the reversible self-assembly of Aβ on spherical gold nanoparticles. The average absorption peak shift (λ~peak~) at room temperature ([Figure 12](#ijms-20-05354-f012){ref-type="fig"}a) is plotted as a function of the continuous operation of an external pH change ([Figure 12](#ijms-20-05354-f012){ref-type="fig"}b). The value of λ~peak~ corresponds to the color of the solution, which in turn corresponds to the morphology of the gold colloid aggregates. When the colloids assemble in an aggregated form at pH 4, the mixture is a blue color with λ~peak~ \~650 nm or above. On the other hand, the gold colloids are widely dispersed at pH 10, and exhibit a reddish color with λ~peak~ \~525 nm. Therefore, a repetitive pH change enables Aβ~1--40~ coated 20 nm gold colloid to exhibit an oscillating feature of λ~peak~ between 525 nm and 625 nm as they reversibly form dispersed and aggregate forms, respectively.

Each absorption spectrum was fit by the "Peak Fit" program in Origin (Version 9.5) and peak positions of i-th band (λ~i~) and peak area of each band of i-th component were extracted (A*~i~*). The observed band average peak position is correlated with the surface plasmon resonance (SPR) of gold colloids, and the peak position of the absorption band depends on the conformation of peptide attached on the gold colloidal surface. The folded or unfolded conformation can be prepared by setting the solution to be basic or acidic, respectively. When the solution is acidic, the absorption band commonly has two or more components. Thus, the average peak position, *λ*~peak~(pH), of the SPR band at given pH is extracted by the weighted average of two components as $\mathsf{\lambda}_{peak}\left( {pH} \right) = \sum\limits_{i}a_{i}\left( {pH} \right)\lambda_{i}\left( {pH} \right)$, where *λ~i~*(pH) and *a*~i~(pH) are the peak position and fraction of the *i-*th component band, and the fraction *a*~i~ was determined by the fraction of the area (A*~i~*) of the band to the total area of the entire bands as: $a_{i} = A_{i}/\sum\limits_{j}A_{j}$.

Then, the average peak position was surveyed as a function of pH, and the position of the peaks were plotted as a function of pH, as shown in [Figure 12](#ijms-20-05354-f012){ref-type="fig"}b. The constructed sigmoidal plot was then analyzed and fit with a Boltzmann formula (Equation (1)) as shown in [Figure 12](#ijms-20-05354-f012){ref-type="fig"}b. The λ~min~ and λ~max~ stand for the minimum and maximum of the band peak positions, respectively. Here, pH~o~ shows the pH where color change takes place, and λ~peak~ (pH~o~) = (λ ~min~ + λ ~max~)/2. Also, *d*pH = (λ~max~ -- λ~min~)/4λ~peak~^(1)^, where λ~peak~^(1)^ is the first derivative of the λ~peak~(pH).

Absorption of a collective excitation of the electrons at the interface between a conductor and an insulator is hypothesized to account for the color of suspensions of these particles \[[@B72-ijms-20-05354],[@B73-ijms-20-05354],[@B74-ijms-20-05354]\]. If the net anionic sites of the metal surface are neutralized by acid, aggregation should be enhanced, resulting in a color change from red to blue. As coverage increases, a shielding effect shifts pH~o~ to the higher value. This ultimately means that greater coverage of peptide requires a less acidic condition to neutralize the surface. Bare gold colloids change their colors at lower pHs (pH \< 4.5) while a peptide-coated colloidal surface shows a color change at pH = 4.5\~6 depending on the degree of coverage. This pH~o~ value change between bare gold and protein coated gold solution is direct evidence of protein adsorption on the metal colloid.

### 4.3.2. Correlation Relation between ΔpH~o~ and dpH and Extraction of Coverage Ratio {#sec4dot3dot2-ijms-20-05354}

As the protein covers more of the colloidal surface, a less negative net ionic charge can be achieved. In other words, the negative charge is partially quenched due to the coverage of the peptide over the gold surface. This indicates that a less acidic condition is required to neutralize the colloidal surface.

Assuming a linear relationship (i.e., y = mx = b, where m is a slope and b is an intercept), all data points are fit along the formula given by *d*pH = *m* ΔpH~o~ + *b*, where *d*pH corresponds to y and ΔpH~o~ corresponds to x in the above linear relationship as shown in [Figure 13](#ijms-20-05354-f013){ref-type="fig"}. We hypothesize that ΔpH~o~ directly relates to the peptide coverage fraction, Θ, since ΔpH~o~ exhibits the surface character change between peptide coated gold colloid and bare gold colloid. Thus, ΔpH~o~ = 0 corresponds to Θ = 0 (i.e., no peptide coverage or bare gold colloid), and the x-axis intercept of *d*pH = *m* ΔpH~o~ + *b* indicates the maximum value of ΔpH~o~, which occurs when Θ = 1 at *d*pH = 0 (i.e., λ~peak~ ^(1)^ \~∞). The maximum coverage, therefore, can be achieved at the ΔpH~o~ value given by $\Delta pH_{o}\left( {max} \right) = - \frac{b}{m}$. By replacing ΔpH~o~ (max.) with Θ = 1, any Θ values in between ΔpH~o~ = 0 and ΔpH~o~ (max.) can then be calculated by $$\mathsf{\Theta} = \frac{\Delta pH_{o}}{\Delta pH_{o}\left( {max} \right)}$$

### 4.3.3. Simulation Process for Calculating the Coverage Fraction {#sec4dot3dot3-ijms-20-05354}

A full explanation of a simulation procedure of calculating peptide coverage fraction, Θ, will be described in a report by Yokoyama and Ichiki \[[@B54-ijms-20-05354]\]. In this paper, an essential concepts for calculating Θ are briefly presented.

The adsorption orientation of a prolate (axial length of *a* and *b*, *a* \< *b*) was selected from either spiking-out orientation ([Figure 14](#ijms-20-05354-f014){ref-type="fig"}a top) or lie-down orientation ([Figure 14](#ijms-20-05354-f014){ref-type="fig"}a bottom). In spiking-out orientation, *b*-axis of a prolate contacts tangentially at a nano-gold surface. On the other hand, in lie-down orientation, *a*-axis of a prolate contacts tangentially at a nano-gold surface. An area projected on the sphere surface as an occupying area (A~sphere~) is A~sphere~ = π*a*^2^ for spiking-out orientation and A~sphere~ = π*ab* for lie-down orientation. Once adsorption orientation was selected, the numbers of adsorption points were calculated for the first layer and the second layer.

For the first layer, the total adsorption points (*n~f,~*~tot~) is a sum of a top and a bottom spot of a sphere (*n~f,~*~top~ and *n~f,~*~bot~), equatorial spots (*n~f,~*~eq~), and both hemi-sphere's axial position for each equatorial spot j (*n~f,~*~ax,j~) as:$$n_{f,~tot} = n_{f,top}~ + ~n_{f,bot}~ + ~~n_{f,eq}~ + ~2\sum n_{f,ax,j}$$

As for the second layer, avoiding the adsorption points taken by the first layer, the total adsorption points (*n~s,~*~tot~) are given by $$n_{s,~tot} = ~n_{s,eq}~ + ~2\sum n_{s,ax,j}$$ where equatorial spots (*n~s,~*~eq~), and both hemi-sphere's axial position for each equatorial spot j (*n~s,~*~ax,j~) are counted over a sphere corresponds to a second layer. The axial length *a* and *b* (*a* \> *b*) of an approximated prolate for Aβ~1--40~ \[[@B17-ijms-20-05354]\], α-synuclein \[[@B37-ijms-20-05354]\] and β2m \[[@B38-ijms-20-05354]\] are estimated to be: Aβ~1--40~ (*a*, *b*) = (2.1 nm, 4.1 nm), α-syn (*a*, *b*) = (2.9 nm, 6.0 nm), and β2m (*a*, *b*) = (2.1 nm, 4.6 nm). Each colloidal particle is approximated to be a sphere with diameter *d* (radius *r* = *d/2*).

In order to reproduce observed Θ, Θ~obs~ (= Θ~total~), a combination of the first and second layers were calculated by Equation (5). where Θ*~f~*~,\ total~ is a fraction of coverage contributed from the first layer, Θ*~s~*~,\ total~ is a fraction of coverage contributed from the second layer, and γ is an empirical factor indicating the weight of the second layer. Each of Θ*~f~*~,\ total~ and Θ*~s~*~,\ total~ is determined by Equation (6) and Equation (7), respectively. $$\mathsf{\Theta}_{f,{total}} = \frac{A_{prolate} \times n_{f,{tot}}}{A_{f,~{sphere}}}$$ $$\mathsf{\Theta}_{s,{total}} = \frac{A_{prolate} \times n_{s,{tot}}}{A_{s,{\ {sphere}}}}$$

Here, A~prolate~ indicates an area projected on the sphere surface as an occupying area. The areas to be covered for the first and the second layer are represented by A*~f~*~,sphere~ and A*~s~*~,sphere~, respectively. The values of A*~f~*~,sphere~ and A*~s~*~,sphere~ are different depending the adsorption orientation. The total adsorption point for the first layer (*n~f,~*~tot~) and the second layer (*n~s,~*~tot~) are illustrated in [Figure 14](#ijms-20-05354-f014){ref-type="fig"}b and detailed in Equation (3) and (4), respectively.

5. Conclusions {#sec5-ijms-20-05354}
==============

The surface properties of nano-gold colloidal surfaces due to adsorption of amyloidogenic peptides were successfully monitored and characterized by observing the response of spectroscopic features as a function of an external pH change. This surface property change was found to be linearly correlated with the coverage ratio of the peptide onto the colloid, Θ. With the simplification of the space occupied by a peptide into a prolate, the Θ could be extracted through a simplified tessellation logic applied for a sphere. The simulation suggested that a prolate needs to have a spiking-out orientation with representative prolate axial length of (*a*, *b*) = (1.4 nm, 2.2 nm) for Aβ~1--40~, (*a*, *b*) = (4.6 nm, 7.4 nm) for α-syn, and (*a*, *b*) = (2.5 nm, 4.6 nm) for β2m. Of note, these values were similar to the values estimated by the reported protein structural data. However, the above-mentioned prolate dimensions could not reproduce the cases when Θ is less than \~0.50. A lower Θ is required to have less unit coverage area; this increase of unit area was interpreted as a gyration motion of each peptide, which kept a fixed contact spot but changed the tilting angle. The average tilting angle of the prolate was (θ~τ~) (Aβ~1--40~) = 35 ± 2°, (θ~τ~) (α-syn) = 18 ± 2°, and (θ~τ~) (β2m) = 29 ± 6°, indicating that when the colloid coverage ratio is below 0.5 a prolate can possess high degree of freedom in mobility while still maintaining a high level of interaction with the gold nano-particle surface. At the same time, it indicated many other possibilities of conformation including multiple contacting points or an ensemble of different adsorption orientations. The resulting Θ was fully explained by a relationship between the distances of each unit monomer under a given colloidal area. However, the degree of affinity for a second layer required us to account for the distribution of partially positive charge (δ+) over a peptide. The segment possesses a δ+ that was considered to be highly used when Aβ~1--40~ and α-syn each interacted with a nano-gold colloidal surface. This possesses a distribution of centering around the prolate axis. On the other hand, the δ+ of β2m was used to interact with each monomer, and the charge distribution was spread around with a distortion, resulting in a high exposure for the counter acting monomer. Therefore, it guided us to predict that β2m possesses different charge distributions than Aβ~1--40~ and α-syn, and sequences or sections of peptide corresponding to δ+ or δ-- thus postulated. In closing, we demonstrated that nano-scale geometrical simulation with a simplified protein structure (i.e., prolate) successfully represents peptide adsorption orientation, providing insights into interfacial conformation and indicating the presence of electrostatic intermolecular and interfacial interactions for these pathophysiologic peptide cases.
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A hypothesized linear relationship between *d*pH vs. ΔpH~o~ was plotted for each amyloidogenic peptide-coated nano gold colloid, (**a**). Aβ~1--40~ in blue, (**b**). α-syn in red, and (**c**).β2m in green based on the values obtained from fitting sigmoidal plot with Equation (1). Each linear line was given as a guide for a correlation between *d*pH vs. ΔpH~o~. (*d*pH = m ΔpH~o~ + b). [Supporting information](#app1-ijms-20-05354){ref-type="app"} of this figure is available at [Supplementary Materials](#app1-ijms-20-05354){ref-type="app"}.
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![](ijms-20-05354-g001b)

![(**a**) A TEM (transmission electron microscopy) image of 30 nm gold colloidal particles coated with β2m at pH 4. The scale bar for 100 nm is shown as a guide. (**b**) A magnified section of the red box showing the diameter of a gold colloid *d* and the distance between the adjacent colloidal particles (Δ). (Inset): A typical histogram showing the Δ and the observed numbers of the distribution. The distribution was fit by a Gaussian profile and shown by a dotted curve. This histogram is for the β2m-coated 30 nm gold colloid.](ijms-20-05354-g002){#ijms-20-05354-f002}

![A plot for experimentally obtained Θ for (**a**) Aβ~1--40~ in blue (**b**) α-syn in red, and (**c**) β2m in green as a function of reported gold diameter *d* (nm). All data points were extracted by using Equation (2). Each dashed curve line is simulated by a method described in [Section 4.3.3](#sec4dot3dot3-ijms-20-05354){ref-type="sec"} with the parameters tabulate in [Table 2](#ijms-20-05354-t002){ref-type="table"}. The dotted line shows an upper limit of the Θ value obtained by a single layer model. (**d**) The over-laid plots of all (**a**--**c**) are shown, and indicating (**a**,**b**) almost overlay each other.](ijms-20-05354-g003){#ijms-20-05354-f003}

![A picture of an illustrative model and sketch demonstrating a peptide aligning over the surface of a gold colloidal particle with a diameter, *d*. In the image on the **left**, the peptide and gold core are both shown with the same color, and a dotted oval indicates a prolate shaped peptide. In the sketch on the **right**, prolate shaped peptide is shown in blue and the core gold colloid with diameter d is shown in red sphere.](ijms-20-05354-g004){#ijms-20-05354-f004}

![The proposed attachment structure of Aβ~1--40~ over the surface of a gold colloidal particle. At the left top sketch shows the proposed peptide orientation adsorbed over gold nano particle. In the middle the blow up of each peptide with a prolate shape is shown. Inside the prolate, a sketch of Aβ~1--40~ is shown within a prolate of *a* = 1.4 nm and *b* = 2.2 nm. On the top, a blow up and hypothesis of sequences responsible for the adsorption on the gold surface are shown and ^28^K was speculated to be in a direct contact with gold surface. At the further right, a structure of Lysine (K) is shown and -NH~3~^+^ group is estimated to be a central point for an adsorption.](ijms-20-05354-g005){#ijms-20-05354-f005}

![A demonstrative picture of peptides being adsorbed over a surface of gold nano-particle (NP) and adsorption of peptide with spiking out orientation under pH 10 (bottom left) and forming a network with each other in order to form gold colloid aggregates at pH 4 (bottom right). The color of peptide and gold colloid are shown in the same color.](ijms-20-05354-g006){#ijms-20-05354-f006}
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The best optimized plot of Θ vs. S~d~ for (**a**) Aβ~1--40~ in blue, (**b**) α-syn in red, and (**c**) β2m in green, where fitting values for the linear relationship Θ = Φ S~d~ + ε. In each plot, there was always one deviating data point from the linear trend (*d* = 80 nm for Aβ~1--40~ and α-syn, *d* = 60 nm for β2m), and the insets show the plot when each outlier point was removed. [Supporting information](#app1-ijms-20-05354){ref-type="app"} of this figure is available at [Supplementary Materials](#app1-ijms-20-05354){ref-type="app"}.
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![A sketch explaining a positive linear proportionality between Θ vs. S~d~, (**a**) simulation of prolate and charge distribution of Aβ~1--40~ (**(a)-1**) and of β2m (**(a)-2**). The sequences of each peptide are shown with the colored bar indicating δ-- (in red) or δ+ (in blue). (**(b)-1**). A side view of a prolate top peptide with a partially positive side (δ+) of dipole attaching to the partially negative surface (δ--) of gold colloid. An extra prolate dipole attracted for the space of δ--, if S~d~ has enough length to let an extra prolate in. (**(b)-2**) The birds eye view of the surface showing area appears as δ-- indicated by red is the highly probable are for an extra prolate to be interacted and may lead to an attachment. (**c**). A graph explaining the expected trend between Θ as a function of S~d.~](ijms-20-05354-g008){#ijms-20-05354-f008}

![A sketch explaining negative linear relationship between Θ vs. S~d~. (**a**) simulation of prolate and charge distribution of β2m. The sequences are shown with the colored bar indicating δ-- (in red) or δ+ (in blue). (**(b)-1**). A side view of a prolate top peptide with δ+ side of dipole attaching to δ-- surface of gold colloid. Because a distribution of δ-- is expected to be spread from the top to the side toward outside, extra prolate is more attracted as more area of δ-- is available. (**(b)-2**). A top view of a focused region in b)-1, where the area appears as δ-- as the prolate locate close by shortening of S~d~. (**c**). A graph explaining the expected trend between Θ as a function of S~d,~.](ijms-20-05354-g009){#ijms-20-05354-f009}

![A sketch of the side view of a rotating prolate. (**a**) The tilting of a prolate over the nano-gold surface and approximation for radius ($\overline{AC}$) of the circular plane over the nano surface. Here, θ~α~ is a tangential angle between prolate axis and the surface line, and the tilting angle of a prolate against surface plane is given by an angle θ~τ~. (**b**) A rotational motion of a prolate with a fixed contacting point, resulting in a circular occupied space over the surface. (**c**) A gyration motion of a prolate with a movable contacting point and tilting angle θ~τ~, resulting in an oval (in green) occupied space with axial length of *a*~g~ (blue circle) and *b*~g~ (red circle).](ijms-20-05354-g010){#ijms-20-05354-f010}

![(**a**) The sketch showing the gyration motion of a prolate (*a* = 2.7 nm and *b* = 4.0 nm) representing β2m over a gold nano-particle with a diameter of *d* = 10 nm, where the prolate major axis tilts between 26° and 17° as it rotates over the surface. It results in an oval occupied space with *a~g~* = 2.7 nm and *b~g~* = 4.0 nm. (See [Table 3](#ijms-20-05354-t003){ref-type="table"}) (**b**) The sketch of a gyrating prolate over the nano-gold particle surface.](ijms-20-05354-g011){#ijms-20-05354-f011}
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A schematic diagram explaining the spectral analysis and construction of sigmoidal plots. (**a**) The average peak position of SPR, λ~peak~, was monitored as a function of the pH condition for both bare gold nano-particles and peptide-coated nano gold colloids. The λ~peak~ was extracted by utilizing the method described in [Section 4.3.1](#sec4dot3dot1-ijms-20-05354){ref-type="sec"}. Two representative spectrum marked by ① and ② represent that under pH 7 and pH 2, respectively. (**b**) The constructed sigmoidal plot was fit with the Boltzmann formula shown in Equation (1). Both *d*pH and ΔpH~o~ were obtained. Here, the sigmoidal plot i indicates that of bare gold colloid, and the sigmoidal plot ii is a typical plot observed for amyloidogenic peptide coated gold nano-particles. The upper colored bar shows the corresponding solution color for regions ① and ②.

![](ijms-20-05354-g012a)

![](ijms-20-05354-g012b)

![For each amyloidogenic peptide, *d*pH obtained by Equation (1) by analyzing each sigmoidal plot (See [Figure 12](#ijms-20-05354-f012){ref-type="fig"}b) was plotted as a function of ΔpH~o~. The coverage ratio, Θ, for each gold colloidal size was obtained by scaling the data point, based on the x-axis intercept Θ =1 (See Equation (2)) Each data point corresponds to different nano-gold colloidal size and was obtained by analyzing sigmoidal plot shown in [Figure 12](#ijms-20-05354-f012){ref-type="fig"}b) for bare gold and amyloidogenic peptide coated gold.](ijms-20-05354-g013){#ijms-20-05354-f013}

![(**a**) Sketches of two possible orientation of prolate and corresponding occupying area are shown. Top: spiking out orientation and occupying π*a* ^2^ on the surface. Bottom: lie-down orientation and occupying π*ab* on the surface. (**b**) For spiking-out orientation, a procedure of counting total number of adsorption points for the first layer (n*~f~*~,tot~) and for the second layer (n*~s~*~,\ tot~) are shown. The n*~f~*~,tot~ is an addition of top (n*~f~*~,top~) and bottom (n*~f~*~,bot~) adsorption points of a sphere, maximum adsorption position at equatorial positions (n*~f~*~,*eq*~), and the adsorption point along axial axis n*~f,\ ax~* added along each equatorial position *j* for a semi-sphere. For the second layer, the total number of adsorption points (n*~s~*~,tot~) is given by a summation of total number of equatorial adsorption position over a sphere of second layer (n*~s~*~,,eq~) and total number of adsorption points associated with axial positions, where total adsorption points of each axial line (n*~s~*~,ax~) is counted for each equatorial position of second layer, *j*.](ijms-20-05354-g014){#ijms-20-05354-f014}

ijms-20-05354-t001_Table 1

###### 

The average distance, (Δ), of adjacent β2m-coated nano-gold colloids and the average number (η) of gold colloids consisting in an aggregate (gold colloid cluster) at pH 4.0 ± 0.3.

  Gold Colloidal Size (Diameter *d* nm)   (Δ)         (η)
  --------------------------------------- ----------- -----------
  10                                      2.2 ± 0.6   25 ± 39
  30                                      1.9 ± 0.7   123 ± 130
  60                                      2.0 ± 0.7   39 ± 38
  80                                      2.1 ± 0.5   17 ± 13

ijms-20-05354-t002_Table 2

###### 

In each box, optimized axial length of a prolate (*a* and *b*), the sketches of orientation of adsorption, n*~f~*~,tot~(see Equation (3)), and circular graph indicating % of occupied surface area by adsorption (first layer in red, second layer in blue, and unoccupied in gray) for Aβ~1--40~, α-syn, and β2m as a function of gold size d (and *d*) nm.

  d (*d*)      Aβ~1--40~                     α-syn                         β2m
  ------------ ----------------------------- ----------------------------- -----------------------------
  10 (9.8)     ![](ijms-20-05354-i001.jpg)   ![](ijms-20-05354-i002.jpg)   ![](ijms-20-05354-i003.jpg)
  15 (15.2)    ![](ijms-20-05354-i004.jpg)   ![](ijms-20-05354-i005.jpg)   ![](ijms-20-05354-i006.jpg)
  20 (19.7)    ![](ijms-20-05354-i007.jpg)   ![](ijms-20-05354-i008.jpg)   ![](ijms-20-05354-i009.jpg)
  30 (30.7)    ![](ijms-20-05354-i010.jpg)   ![](ijms-20-05354-i011.jpg)   ![](ijms-20-05354-i012.jpg)
  40 (40.6)    ![](ijms-20-05354-i013.jpg)   ![](ijms-20-05354-i014.jpg)   ![](ijms-20-05354-i015.jpg)
  50 (51.5)    ![](ijms-20-05354-i016.jpg)   ![](ijms-20-05354-i017.jpg)   ![](ijms-20-05354-i018.jpg)
  60 (60.0)    ![](ijms-20-05354-i019.jpg)   ![](ijms-20-05354-i020.jpg)   ![](ijms-20-05354-i021.jpg)
  80 (80.0)    ![](ijms-20-05354-i022.jpg)   ![](ijms-20-05354-i023.jpg)   ![](ijms-20-05354-i024.jpg)
  100 (99.5)   ![](ijms-20-05354-i025.jpg)   ![](ijms-20-05354-i026.jpg)   ![](ijms-20-05354-i027.jpg)
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###### 

The list of extracted tilting angles (θ~τ~ and θ~β~) for the lower coverage for (**a**) Aβ~1--40~, (**b**) α-syn, and (**c**) β2m. The average tilting angle for each peptide is shown at the bottom for each peptide in (θ~τ~).

  ------------------- ------------------ ------------------ --------------
  **(a) Aβ~1--40~**                                         
  ***d* (d)**         99.5 (100) nm                         
  *b*                 2.200 nm                              
  *a~g~*              3.720 nm                              
  θ~τ~                57.7°                                 
  θ~β~                0.155°                                
                                                            
  *b~g~*              0.905 nm                              
  θ~τ~                11.9°                                 
  θ~β~                0.565°                                
  (θ~τ~)              35 ± 2°                               
  **(b) α-syn**                                             
  ***d* (d)**         99.5 (100) nm                         
  *b*                 7.400 nm                              
  *a~g~*              7.400 nm                              
  θ~τ~                30.0°                                 
  θ~β~                0.000°                                
                                                            
  *b~g~*              1.40 nm                               
  θ~τ~                5.4°                                  
  θ~β~                0.127°                                
  (θ~τ~)              18 ± 2°                               
  **(c) β2m**                                               
  ***d* (d)**         **9.80 (10) nm**   **19.7 (20) nm**   60.0 (60) nm
  *b*                 4.6 nm             4.6 nm             4.6 nm
  *a~g~*              4.03 nm            6.41 nm            5.40 nm
  θ~τ~                26.0°              44.2°              36.0°
  θ~β~                0.354°             0.064°             0.326°
  *b~g~*              2.70 nm            2.73 nm            4.80 nm
  θ~τ~                17.1°              17.3°              31.4°
  θ~β~                0.508°             0.234°             0.060°
  (θ~τ~)                                 29 ± 6°            
  ------------------- ------------------ ------------------ --------------
